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DnaE2 Polymerase Contributes to In Vivo Survival
and the Emergence of Drug Resistance
in Mycobacterium tuberculosis
host. These conditions include such factors as nutri-
tional deprivation, hypoxia, reactive oxygen or nitrogen
species, and possibly other variable human bactericidal
systems produced during immune surveillance, in addi-
tion to external factors such as anti-tubercular drug ad-
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low fidelity, or “mutator,” polymerases (Goodman, 2002).University of the Witwatersrand and National Health
Error-prone DNA replication or inaccurate repair ofLaboratory Service
base-pair mismatches may contribute directly to theJohannesburg
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during infection with pathogens such as Pseudomonas
sp. (Bjorkholm et al., 2001; Oliver et al., 2000). The emer-
gence of multidrug resistant strains of MTb in TB pa-
tients appears to be more common than would be ex-Summary
pected when considering the rarity of individual drug
resistance mutations observed in vitro. While multipleThe presence of multiple copies of the major replica-
mutations occur at a rate corresponding to the producttive DNA polymerase (DnaE) in some organisms, in-
of the individual mutation frequencies in vitro and shouldcluding important pathogens and symbionts, has re-
therefore be exceedingly unusual, multiple drug resis-mained an unresolved enigma. We postulated that one
tance occurs in between 1%–3% of the total tuberculo-copy might participate in error-prone DNA repair syn-
sis isolates (Espinal et al., 2000). This suggests that inthesis. We found that UV irradiation of Mycobacterium
vitro mutation frequencies may not accurately reflecttuberculosis results in increased mutation frequency
the mutation rate during parasitism of the human host.in the surviving fraction. We identified dnaE2 as a gene
In vitro studies have indicated that the mutation ratethat is upregulated in vitro by several DNA damaging
of MTb when cultured under normal growth conditionsagents, as well as during infection of mice. Loss of
is within the range of that reported for most other organ-this protein reduces both survival of the bacillus after
isms (Boshoff et al., 2001; Mizrahi et al., 2000 and refer-UV irradiation and the virulence of the organism in
ences therein), but the effect of environmental stress onmice. Our data suggest that DnaE2, and not a member
the mutational dynamics of this organism has not beenof the Y family of error-prone DNA polymerases, is the
investigated. The induction of the SOS response as aprimary mediator of survival through inducible muta-
result of DNA damage during infection has been showngenesis and can contribute directly to the emergence
to increase the frequency of both targeted and untar-of drug resistance in vivo. These results may indicate
geted mutagenesis in intracellular pathogens capablea potential new target for therapeutic intervention.
of SOS mutagenesis (Schlosser-Silverman et al., 2000).
The SOS response has been characterized in both MTb
Introduction
and Mycobacterium smegmatis (MSm) and, as in other
organisms, RecA and LexA appear to regulate this re-
Mycobacterium tuberculosis (MTb) is responsible for sponse in Mycobacteria (Davis et al., 2002a; Durbach
the largest number of deaths attributable to a single et al., 1997; Brooks et al., 2001). Although several genes
infectious organism, and fully one third of the world’s have been identified that are under LexA control, LexA/
population is estimated to be infected with this pathogen RecA-independent regulatory mechanisms may also exist
(Dye et al., 2002). Control strategies for tuberculosis rely for other damage-inducible genes in Mycobacteria (Davis
heavily on chemotherapy. As such, the development of et al., 2002a; Durbach et al., 1997; Brooks et al., 2001).
drug resistance is a serious threat to any attempt to In E. coli, stress-induced increases in mutational fre-
control this disease (Ramaswamy and Musser, 1998). quency are thought to result from the action of PolB
Understanding the mechanisms by which this organism and two newly discovered, Y family DNA polymerases
develops drug resistance would provide valuable insight encoded by umuC and dinP, which form part of the
that might lead to interventions designed to avert this SOS regulon and are capable of mutagenic translesion
emerging problem. synthesis (TLS) (Napolitano et al., 2000; Maor-Shoshani
Pathogenic Mycobacteria are exposed to many ad- et al., 2000; Pham et al., 2001). Surprisingly, however,
verse conditions during their parasitism of the human the MTb homologs of dinP and dinX were not upregu-
lated after DNA damage by mitomycin C (MMC) treat-
ment (Brooks et al., 2001). Although the main replicative*Correspondence: clifton_barry@nih.gov (C.E.B.); mizrahiv@pathology.
wits.ac.za (V.M.) DNA polymerase (Pol III) of E. coli can contribute to TLS
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Figure 1. Effect of UV Irradiation on Survival and Mutation Frequency of MSm and MTb
(A) Dilutions of MSm strains were plated in triplicate on LA and irradiated at different energy fluences. Diamond, WT (mc2155); circle,
mc2155(pOmsmE2); square, dnaE2::aph; triangle, dnaE2::aph attB::dnaE2.
(B) Log-phase MSm cells were irradiated and allowed to recover for different times before plating on Rif plates.
(C) MTb strains were irradiated and allowed to recover for different times before plating on Rif plates. Diamond, WT H37Rv; square, dnaE2::hyg;
triangle, dnaE2::hyg attB::dnaE2. The results shown are from one representative experiment.
in the absence of a proofreading function, the physiolog- lead to an observed increase in mutation frequency,
ical relevance of this pathway remains to be established, MTb and MSm were exposed to hydrogen peroxide
and upregulation of the gene encoding dnaE was like- (H2O2) for 24 hr before plating on Rif. This oxidizing treat-
wise not reported following DNA damage (Borden et al., ment also resulted in mutation induction (data not
2002). MTb contains two apparently functionally redun- shown).
dant replicative DNA polymerases, designated DnaE1 To determine whether the increase in mutation fre-
and DnaE2. One possible explanation for this redun- quency after DNA damage in MSm was mediated by
dancy is that error-prone DNA repair may be the major the SOS response and therefore recA-dependent, UV-
function of one of these enzymes. induced mutagenesis was assessed in a recA mutant
To gain insight into mutational dynamics in Mycobac- (Frischkorn et al., 1998). In contrast to the induced muta-
teria, we investigated whether MSm and MTb were ca- genesis observed in wild-type (WT) MSm, UV treatment
pable of induced mutagenesis in response to DNA dam- did not result in an increased recovery of Rif resistant
age, explored the genetic basis for this phenomenon, mutants in the recA mutant (Table 1), confirming that
and established the relevance of this process to in vivo this process was recA-dependent.
growth and the development of drug resistance.
Identification of DNA Damage-Inducible GenesResults
by Whole-Genome Expression Profiling
Since the complete genome sequence is available forDNA Damage Results in a recA-Dependent
Mtb strain H37Rv (http://genolist.pasteur.fr/Tuberculist),Increase in Mutation Frequency
whole-genome transcriptional profiling was performedTo explore whether a damage-inducible mutagenesis
by microarray analysis after exposure of this organismsystem was operable in Mycobacteria, we used UV irra-
to various forms of DNA damage in an attempt to identifydiation to induce DNA damage, a technique that has
the gene(s) responsible for induced mutagenesis. Ex-been studied in considerable detail in organisms such
pression of 158, 157, and 197 genes was significantlyas E. coli (Rangarajan et al., 2002; Courcelle et al., 2001).
affected by DNA damage using UV irradiation, mitomy-Direct exposure of Mycobacteria to UV light is highly
cin C (MMC), and H2O2 treatment, respectively. Seventy-lethal (Figure 1A), but within the surviving bacterial pop-
eight genes were regulated in common in response toulation there was a 20- to 50-fold increase in the fre-
all three agents (Table 2). The predicted functions ofquency of appearance of Rifampicin (Rif)-resistant mu-
many of these induced genes were consistent with DNAtants in both MSm and MTb (Table 1 and Figures 1B
repair, metabolism, or genome plasticity and severaland 1C). The number of mutants obtained was found to
were counterparts or homologs of genes induced bybe dependent on the time allowed for recovery following
DNA damage in E. coli (Courcelle et al., 2001; Khil andUV exposure, and maximal numbers of mutants were
Camerini-Otero, 2002). One notable observation was theobtained after 3–4 (MSm) and 24–36 (MTb) hr of growth,
widespread induction of transposases, resolvases, andrespectively (Table 1 and Figures 1B and 1C). Similarly,
insertion elements by DNA damage. Members of thea 16-fold increase in streptomycin (SM)-resistant mu-
13E12 repeat family have recently been reported to betants of MSm was also obtained 90 min after DNA dam-
induced by MMC treatment (Davis et al., 2002a). Noneage. The types of DNA damage that MTb is predicted to
of the DNA-damaging treatments resulted in inductionsustain during infection are difficult to predict (Boshoff et
of the dinP and/or dinX genes. The only recognizableal., 2001) and are unlikely to be comprehensively repre-
DNA polymerase-encoding gene upregulated followingsented by the lesions created by UV irradiation. To as-
sess whether other forms of DNA damage could also UV irradiation was dnaE2.
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Table 1. Mutation Frequencies of Mycobacterial Strains before and after UV Irradiation
Strain SM Mutation frequency  108 Rif Mutation frequency  108
M. smegmatis Untrtd UV (1.5h)a Untrtd UV (1h) UV (1.5h) UV (3h) UV (12h)
mc2155 3.0  1 40  10 2.0  1 4.5  1 20  10 80  15
SMR5 7  2 30  10
dnaE2::aph 3.5  2 3.7  1.5 7  1 8  0.5
recA::hyg 2.5  1.5 2  1 3  1.7
dnaE2::aph attB::dnaE2 6  2.5 40  20
mc2155 (pOmsmE2) 2  1 37  19
M. tuberculosis
H37Rv 4.5  2 100  20
dnaE2::hyg 5  2 4  1
dnaE2::hyg attB::dnaE2 4  1 120  50
a Bacterial cells were recovered for the indicated amount of time following UV treatment.
The Kinetics of DNA Damage-Induced Expression not shown), the absolute induction levels were highly
variable between experiments, probably due to the cyto-of dnaE2
The observed induction of dnaE2 by microarray hybrid- toxicity of this treatment. In the recA mutant strain of
MSm, dnaE2 levels were unaltered over the time courseization was confirmed by real-time, quantitative RT-PCR
(QRT-PCR) analysis using the recA gene as a damage- of the experiment (Figure 2C), confirming that dnaE2 is
solely LexA-regulated. Finally, QRT-PCR analysis wasinducible control (Figure 2). Expression of recA in re-
sponse to DNA damage closely mimicked that reported used to confirm that the other replicative polymerase,
dnaE1, was not induced by any of the DNA-damagingby others (Brooks et al., 2001), and dnaE2 expression
closely paralleled that of recA in both MSm and MTb. treatments as suggested by the microarray experiments
(data not shown).Although dnaE2 and recA were induced by H2O2 (data
Table 2. Top DNA Damage Induced Genes Involved in DNA Modificationa
Rv no. UV MMC H2O2 Gene product
Rv0336, Rv0515, Rv2100, Rv1702c    13E12 repeat family (HNH endonuclease and putative transposase domains)
Rv2015c, Rv1765c, Rv1128c, Rv3466,    13E12 repeat family (HNH endonuclease and putative transposase domains)
Rv1588
Rv0393, Rv1587c    13E12 repeat family (HNH nuclease and/or putative transposase domain)
Rv0094c  13E12 repeat family (contains transposase domain)
Rv3827, Rv0606, Rv0829, Rv3386    Transposases or transposase fragments
Rv2978c, Rv3776, Rv2791c, Rv0922,    Transposases
Rv1764, Rv0796, Rv3475, Rv2479c
Rv3187, Rv3185, Rv1756c, Rv2649,    Transposases
Rv1369, Rv2355, Rv2167c, Rv3326
Rv2792c, Rv2979c, Rv0605, Rv3828c    Resolvases
Rv3074    Contains HNH nuclease domain
Rv2737c    recA, RecA
Rv2736c    recX, Regulatory protein
Rv3296   lhr, Probable ATP-dependent helicase
Rv3585    radA, DNA repair
Rv0058    dnaB, Replicative DNA helicase
Rv1317c    alkA, 3-methyladenine DNA glycosidase II
Rv1277    Possible DNA repair exonuclease (SbcD family)
Rv3202c    UvrD/Rep DNA helicase domain
Rv1638c    uvrA, Excinuclease ABC subunit A
Rv2024    Contains DEAD-like helicase domain
Rv2593c   ruvA, Holliday junction binding protein
Rv2594c    ruvC, Holliday junction resolvase
Rv1633    uvrB, Excinuclease ABC subunit B
Rv3394c   Contains IMS family domain involved in UV protection
Rv3856c  DNA polymerase X family and phosphoesterase family domains
Rv3198c    uvrD2, DNA helicase
Rv1379    pyrR, Pyrimidine biosynthesis regulatory protein
Rv3370c  dnaE2, DNA polymerase III  chain
Rv2720  lexA, LexA repressor
Rv2902c    rnhB, RNase HII
Rv1316c    ogt, MethylatedDNAproteincysteine methyltransferase
Rv0054    ssb, Singlestranded DNA binding protein
a Changes in mRNA levels in response to exposure to UV irradiation, MMC or H2O2 were monitored using DNA microarrays. Genes were
included if their expression levels were increased 2-fold or more in at least 4 microarray experiments in response to the DNA-damaging
treatment relative to an untreated control. Genes are annotated as described in the Tuberculist database (http://genolist.pasteur.fr/Tuberculist).
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hancement of the mutation frequency to Rif and/or SM-
resistance was completely lost in both MSm and MTb
mutants (Table 1, Figure 1C, and data not shown). The
damage-induced mutator phenotype could be restored
in response to both H2O2 and UV treatment in the MSm
dnaE2::aph and MTb dnaE2::hyg mutants by comple-
mentation with a copy of the dnaE2 gene integrated at
the attB site, confirming that induced mutagenesis was
strictly dependent upon the dnaE2 gene product (Table
1 and data not shown). A mutation rate estimation based
on the Luria-Delbru¨ck fluctuation assay confirmed that
the number of mutations per cell per generation of the
MTb WT, dnaE2::hyg, and dnaE2::hyg attB::dnaE2
strains were similar under normal in vitro growth condi-
tions (2–31010 mutations per cell per generation). The
apparent mutation rate of the WT and complemented
strains were enhanced by UV irradiation as expected but
application of such protocols to pulsed UV irradiation
treatment is not straightforward. The mutation rate of
the dnaE2 knockout mutant was unaffected by DNA
damage after UV irradiation (Supplemental Data avail-
able at http://www.cell.com/cgi/content/full/113/2/
183/DC1) confirming its role in DNA repair.
Figure 2. Analysis of Gene Expression Levels after DNA Damage MSm overexpressing dnaE2 from the multicopy plas-
Kinetics of induction of dnaE2 (filled triangle) and recA (square) in mid pOmsmE2 did not show increased mutation fre-
MTb H37Rv by UV (A) and MMC treatment (B). MTb gene expression quencies under noninduced conditions (Table 1). QRT-
levels were normalized relative to the gnd gene with normalization PCR analysis confirmed that dnaE2 expression levels
relative to the sigA gene giving similar results. Kinetics of the tran- were increased 10- to 15-fold in this strain (data not
scriptional response of MSm mc2155 dnaE2 (filled triangle), recA
shown) compared to the parental WT (data not shown).(square), and dnaE2 of the MSm recA::hyg mutant (open triangle)
Similarly, induction of DNA damage by UV irradiationafter (C) UV irradiation, and (D) MMC treatment. M. smegmatis gene
expression levels were normalized relative to sigA. enhanced dnaE2 levels 40- to 45-fold within 60 min in
this strain but this failed to increase the observed muta-
tion frequency (Table 1).
In MTb, expression of recA remained elevated even The MTb and MSm dnaE2 mutant strains were also
72 hr after UV damage, presumably due to the persis- hypersensitive to UV radiation (Figure 1A and data not
tence of cross-linked DNA lesions. MSm recA levels shown). The UV sensitivity of the MSm mutant was re-
similarly remained elevated 6 hr after irradiation (data stored to WT levels by complementation with a func-
not shown). Peak expression of dnaE2 and recA oc- tional copy of dnaE2. This phenotype parallels the dam-
curred within 60 min of UV irradiation in MSm (Figure age hypersensitivity of Bacillus subtilis yqjH (Sung et al.,
2C and data not shown). For MMC treatment, peak ex- 2003) and E. coli umuDC and umuDC polB mutants
pression of these genes occurred 90 min after initiation (Rangarajan et al., 1999).
of DNA damage, the longer time for induction possibly
reflecting the time required for the drug to penetrate the DnaE2 Is a Probable Translesion Polymerase
cell wall prior to inducing a mutagenic effect. MMC was Genotypic analysis of Rif-resistant MTb mutants re-
present during the duration of the time over which RNA sulting from exposure to UV irradiation revealed that
was isolated from MSm so that gene expression levels there were significant DnaE2-dependent differences in
remained upregulated throughout the treatment period. the types of mutations occurring in the rpoB gene of
In contrast, MTb was treated for 90 min followed by MTb and MTb dnaE2::hyg. Following UV irradiation, the
removal of the drug. In this experiment the level of recA WT strain gave rise to a high proportion of mutants (35.6%)
and dnaE2 mRNA expression decreased 36 hr after the containing a double CC→TT transition resulting in the si-
initial addition of the drug. Peak expression levels of multaneous change of two codons (ACCCAC→ACTTAC),
dnaE2 and recA were observed 20–36 hr post-treatment only one of which results in an amino acid substitution
in MTb (Figures 2A and 2B). (Table 3). This mutation presumably reflects error-prone
TLS across a cyclobutane pyrimidine dimer or a pyrimi-
dine-pyrimidone (6-4) photoproduct. This characteristicDNA Damage-Induced Mutagenesis Is Mediated
Primarily by DnaE2 mutation was never observed in the MTb dnaE2::hyg
strain or in non-UV generated MTb Rif-resistant mutants.Allelic exchange mutants of MSm and MTb in which the
dnaE2 gene was disrupted by an antibiotic resistance The TCG→TTG mutation that results in a Ser531Leu
substitution is the most common substitution observedcassette were constructed. Loss of dnaE2 function had
no discernable effect on in vitro growth kinetics in either in clinical and in vitro generated Rif-resistant isolates
(Morlock et al., 2000). In our hands this was also thespecies when assessed in pure culture or in cocultures
seeded with a 100-fold excess of either WT or mutant most frequent mutation observed in spontaneous mu-
tants arising from the untreated WT strain. However, instrain (data not shown). However, damage-induced en-
dnaE2 and Inducible Mutagenesis in M. tuberculosis
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Table 3. rpoB Mutations in Rif-Resistant Mutants Derived from MTb*
WT dnaE2::hyg
Mutation Substitution UV (45) UV (30) UV (46) UV (30)
CAC→TAC His526→Tyr 40% 20% 17.4% 16.7%
CCAC→TTAC ThrHis526→ThrTyr 35.6% 0% 0% 0%
TCG→TTG Ser531→Leu 22.2% 40% 32.6% 56.7%
GCC→GTC Ala500→Val 2.2% 0% 0% 0%
CAC→CGC His526→Arg 0% 13.3% 15.2% 0%
TCG→TTG Ser522→Leu 0% 10% 19.6% 3.3%
CAG del. Gln516 del. 0% 0% 2.2% 3.3%
CAC→GAC His526→Asp 0% 6.7% 4.3% 13.3%
CAC→CGC His526→Pro 0% 0% 4.3% 0%
CAG→CTG Gln516→Leu 0% 0% 2.2% 0%
AAC→AAA Asn519→Lys 0% 0% 2.2% 0%
TTCATG ins PheMet after Met515 0% 3.3% 0% 0%
TCG→CAG Ser531→Gln 0% 3.3% 0% 0%
TCG→TGG Ser531→Trp 0% 3.3% 0% 6.7%
* The number of mutants recovered from UV-treated samples () or from untreated controls () is given in brackets. The % killing during
irradiation of the liquid culture was ca. 1% for WT and 510% for dnaE2::hyg.
mutants recovered from UV irradiated cells, the predom- 2001) were identical for both strains in the lungs of these
mice (Figure 3A) and visible histopathology appearedinant mutations were the CAC→TAC (His526Tyr), fol-
lowed by the double transition mutation followed by the very similar (data not shown). Nine months following
infection, colony counts from the lungs of mice infectedSer531Leu mutation. Interestingly, all of the Rif-resistant
mutants recovered from UV irradiated WT MTb con- with the dnaE2 mutant were 10-fold lower (7.1  0.2 
105) than colony counts from lungs of mice infected withtained C→T transitions in their rpoB genes. The muta-
tional spectrum observed was, however, dependent the parental strain (1  0.3  107). More dramatically,
the median survival time of dnaE2::hyg infected miceupon the nature of the DNA insult used, with H2O2 treat-
ment giving different predominant mutations than UV was 384 days compared to 222 days for WT infected
mice (Figure 3B). In a separate infection, D2B6F1 mice,treatment (data not shown).
which succumb more quickly to MTb infection, were
infected with WT H37Rv, dnaE2::hyg, and dnaE2::hygdnaE2 Plays a Role in In Vivo Persistence
and in the Emergence of Drug Resistance attB::dnaE2 strains. Equivalent mortality (20%) was ob-
served in the WT and complemented strains at 150 daysTo examine the role of dnaE2 during host infection, QRT-
PCR was used to analyze RNA prepared from bacilli while no mortality was observed in the dnaE2 mutant
(data not shown). To evaluate the role of DnaE2 in theisolated from the lungs and spleens of aerosol infected
mice 3-, 6- and 8-weeks following infection. Expression development of drug resistance, 180 C57BL/6 mice were
infected over three separate experiments with either WT,levels could not be reliably assessed at earlier stages
of the infection as sufficient quantities of mycobacterial dnaE2 knockout, or the dnaE2-complemented knockout
strain and subjected to either high dose or low dose dailyRNA could not be recovered from the relatively low num-
bers of bacilli present during the early, exponential Rif treatment. Treatment was initiated when bacterial
growth in the organs was controlled by the immunegrowth phase. Isocitrate lyase, encoded by the icl gene,
has been suggested to play a specific role in persistence response. Enumeration of Rif-resistant bacteria sug-
of MTb infections and its expression has been shown
to be upregulated during prolonged murine infection
(McKinney et al., 2000; J. McKinney, personal communi-
cation). We therefore simultaneously evaluated icl and
dnaE2 expression levels normalized relative to the sigA
gene by quantitative real-time PCR. icl was found to be
upregulated by a factor of 15  5-fold within a similar
time frame as dnaE2, which was upregulated 6  3-fold
in bacilli recovered from 3-, 6-, and 8-week infected
mouse organs (compared to in vitro grown cultures, n 
2 mice per time point, 6 mice total). However, given the
limited number of mice used per time point, the time
course of upregulation of gene expression in the lungs
Figure 3. Virulence of MTb Strains in C57BL/6 Miceof infected mice could not be accurately determined.
(A) Lung CFU counts determined at different times post-infectionGrowth and persistence of the dnaE2 knockout strain
for the WT and dnaE2::hyg strains, filled and open bars, respectivelyof MTb was also assessed following infection of mice
(n  4 to 5 for each time point).
with 10–100 bacilli by aerosol. Initial growth rates and (B) Time-to-death analysis in mice infected with WT (filled square)
peak counts of bacteria prior to the control of prolifera- and dnaE2::hyg (open square) MTb strains. Ten mice were used for
time-to-death studies.tion by the acquired immune response (Flynn and Chan,
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Table 4. Role of dnaE2 in the Evolution of Drug Resistance In Vivo
Lung CFU  104 No. of RifR mutants
dnaE2::hyg dnaE2::hyg
Rifampicin Treatment Protocol WT dnaE2::hyg attB::dnaE2 WT dnaE2::hyg attB::dnaE2
125 mg/kg 930  150 340  100 ND 28 1 ND
310 mg/kg 575  35 419  50 ND 18 0 ND
410 mg/kg 3.5  1.5 5.7  2 4.4  2 510 0 1
ND, not determined; 1, two treatment cycles, homogenates pooled in groups of 10 and plated six weeks after termination of treatment; 2,
obtained from three groups of mice (4, 3 and 1 mutants, respectively); 3, one treatment cycle with pooled lung homogenates plated 1 week
after treatment; 4, one treatment cycle with individual lung homogenates plated immediately after termination of treatment; 5, all from one
mouse.
gested that drug resistance emerged more frequently to its E. coli counterpart (Durbach et al., 1997; Frischkorn
et al., 1998). As in E. coli (Courcelle et al., 2001; Khil andin the WT and complemented knockout strains than in
the dnaE2 knockout mutant (Table 4). Sequence analysis Camerini-Otero, 2002), genes encoding proteins in-
volved in resolution of Holliday junctions and a subsetof the rpoB Rif-resistance determining region of the 18
mutants recovered from WT infected mice from the first of genes associated with nucleotide excision repair were
induced by UV irradiation.low-dose treatment experiment indicated that these
were comprised of 4 different alleles (His526Tyr, Ala500- The ssb gene was upregulated by MMC and H2O2 but
not by UV treatment, suggesting that the type of lesionVal, Gln513Arg, and no mutation) suggesting that these
were the result of at least 4 independent mutational produced has an influence on transcription of lexA-inde-
pendent repair systems (Davis et al., 2002a, 2002b). Inevents. The reduction in the in vivo mutation frequency
of the dnaE2 mutant inferred from these experiments E. coli, ssb is induced upon UV treatment while it is
downregulated by MMC-induced damage but also ap-was consistent with that observed for the reduction in
induced mutagenesis in vitro. pears to be regulated independently of lexA (Courcelle
et al., 2001; Khil and Camerini-Otero, 2002). Many of the
genes induced by DNA damage in E. coli (mutT, dut,Discussion
nth, nfo, mfd, recN, cho, recF, recR, gyrA, gyrB, umuC,
umuD, dinP) were not induced by DNA damage in MTb.MTb maintains an often decades long subclinical infec-
In contrast, some genes (alkA, ogt, radA, lhr, dnaB,tion in humans and may have acquired specific adapta-
sbcD) were uniquely damage-induced in MTb. Finally,tions that enable this organism to maintain unusual ge-
some induced genes of unknown function (Rv3202,netic stability and flexibility in the absence of active
Rv2024, and Rv3394c) lack obvious counterparts in E.replication. The extremely low rate of synonymous muta-
coli but nonetheless contain helicase or IMS domains,tion in the absence of genetic selection has been a
linking them functionally with DNA repair.noted feature of this organism and contrasts with the
We did not observe induction of the mycobacterialinexplicably high frequency of emergence of drug resis-
dinP or dinX genes under any of these conditions, intance in vivo (Ramaswamy and Musser, 1998; Espinal
accordance with previous reports (Brooks et al., 2001).et al., 2000). The underlying molecular mechanisms by
Thus, members of the Y family of error-prone DNA poly-which Mycobacteria induce genetic variation may be
merases in MTb are apparently not part of the stress-substantially different than those employed in many
induced SOS regulon. Similarly, Rv2823c, a member ofother bacteria. For example, Mycobacteria apparently
a novel family of predicted DNA polymerases implicatedlack the ability to induce the Y family of error prone DNA
in DNA repair (Makarova et al., 2002), was not inducedpolymerases following DNA damage which has been
after DNA damage. However, one of the two putativeused to suggest that this organism might be incapable
replicative polymerases, dnaE2, was strongly upregu-of damage-induced mutagenesis (Brooks et al., 2001).
lated in response to all forms of DNA damage suggestingThis study clearly demonstrates that MTb (and MSm)
that this gene might encode the polymerase activityelevates mutational levels in response to DNA damage
responsible for damage-induced mutagenesis in Myco-but does so by a mechanism that does not involve the
bacteria. This was confirmed by the loss of this pheno-induction of known error-prone polymerases.
type following disruption of dnaE2 in both MSm andTo understand the molecular basis for the elevation
MTb. Inducible mutagenesis could be restored by com-of mutation rates in Mycobacteria challenged by DNA
plementation with a functional dnaE2, proving that thedamage, we explored the global transcriptional re-
observed phenotype was not due to downstream polarsponses of Mtb to DNA damage by UV, MMC, and H2O2.
effects caused by the dnaE2::aph or dnaE2::hyg disrup-These experiments revealed both similarities and strik-
tions. In both organisms, induction of dnaE2 was great-ing differences between the profiles of genes induced
est after DNA damage by UV irradiation, which mayin MTb in response to various forms of DNA damage
reflect more extensive DNA distortion caused by thiswhen compared to gram-negative organisms such as
treatment.E. coli. The key regulator of the SOS response, RecA,
The dnaE2 gene encodes a homolog of the gram-was strongly induced in response to all three forms of
negative  subunit of the polymerase III holoenzymeDNA damage, corroborating previous work demonstra-
ting that the Mycobacterial RecA was functionally similar that is responsible for the catalytic activity for DNA repli-
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cation. In eubacteria, family C polymerases are essential copy of the gene encoding the proofreading subunit
for replicative DNA synthesis (Ito and Braithwaite, 1991). (dnaQ) of the replicative holoenzyme. Microarray analy-
The class I family C DNA polymerase (dnaE) has been sis indicated that the levels of dnaQ were unaltered
shown to be essential for DNA replication in all eubac- under the various forms of DNA damage.
teria, with the exception of cyanobacteria where removal The spectrum of damage-induced mutations analyzed
of an intein from the precursor class III polypeptide re- in this study was consistent with the hypothesis that
constitutes the DnaE-type enzyme (Huang and Ito, DnaE2 induces mutation via its ability to function as a
1999). Most gram-positive bacteria also require a class TLS, but this analysis was limited to UV-induced rpoB
II family C polymerase (polC) for DNA replication (class mutations that are nonlethal and confer Rif resistance.
II and class I polymerases synthesize the leading and Since the mutations that confer Sm resistance are also
lagging strands of the chromosome, respectively) (Der- mainly restricted to base substitutions (Ramaswamy and
vyn et al., 2001; Inoue et al., 2001). However, the pres- Musser, 1998), it remains to be established whether DnaE2
ence of multiple dnaE genes in several organisms, in- can introduce other mutations such as frameshifts.
cluding Mycobacteria other than M. leprae (Mizrahi et al., The role of TLS is both to generate mutations that
2000), Streptomyces spp., Agrobacterium tumefaciens, may be beneficial for survival as well as to enhance
Xanthomonas spp., Sinorhizobium meliloti, Mesorhizo- survival after DNA damage. UV hypersensitivity of both
bium loti, and Pseudomonas aeruginosa has been unex- MSm and MTb dnaE2 mutants and the depressed rate
plained. It is intriguing that organisms with multiple dnaE of emergence of drug resistance are two phenotypic
genes all contain one or more dinP homologs. sequellae of loss of DnaE2 function. The environment-
The level of sequence homology of the MSm and MTb dependent mutator phenotype conferred by genes such
dnaE1 genes with the single M. leprae homolog of dnaE as dinP and umuDC may also promote survival in re-
strongly suggested that dnaE1 and not dnaE2 encoded sponse to stressful conditions by globally altering muta-
the major replicative DNA polymerase (Mizrahi et al., tion and repair rates following their induction (Metzgar
2000). Consistent with this prediction, we have been and Wills, 2000). The apparent upregulation of MTb
unable to inactivate the dnaE1 genes of MTb and MSm dnaE2 in a mouse infection model suggests that this
(unpublished results). dnaE2, however, does not appear effect may be important during infection. Indeed, the
to be essential for chromosomal replication since it can dnaE2 mutant of MTb was severely attenuated in long-
be inactivated in both organisms. term murine infections, suggesting that continued repair
In E. coli, TLS is primarily performed by the UmuD’2C of DNA damage (and possibly generation of mutations)
(pol V) complex, although pol IV and pol II can also during infection is essential for survival of the bacilli.
perform certain types of TLS (Napolitano et al., 2000). The induction of dnaE2 during host infection further
The activity of pol V is stimulated by the  clamp, sug- raises the possibility that DnaE2 contributes directly to
gesting that pol V (Goodman, 2002 and references mutation in the face of DNA damage caused by reactive
therein) may function with components of the holoen- oxygen and nitrogen intermediates generated by the
zyme complex in vivo. DinB has also been shown to immune response. Thus, DnaE2 may contribute to the
interact with the  clamp (Goodman, 2002). Based on rise of mutants that are better adjusted for survival under
the high degree of sequence similarity between MTb bottlenecks encountered during infection and/or ther-
DnaE2 and E. coli DnaE that spans the entire protein, it apy. Since drug resistance in MTb is chromosomally
is probable that DnaE2 also functions in association with encoded (Ramaswamy and Musser 1998), we propose
the other subunits of the replicative complex, although that dnaE2-mediated mutagenesis may play a particu-
the consensus  clamp pentapeptide binding motif (Dal- larly important role in the evolution of drug resistance
rymple et al., 2001) appears to be absent from this poly- in this organism. Our preliminary studies support this
merase. Intriguingly, this motif is either absent or con- model, since drug resistance during therapy emerged
tains a nonconsensus proline residue in the additional
more frequently in WT MTb than in the DnaE2 knockout.
DnaE enzymes of organisms with multiple copies of
These studies not only establish DnaE2 as the major
this gene, suggesting differences in association with the
mediator of DNA damage-induced mutagenesis in My-sliding clamp with respect to DnaE1. The observation
cobacteria but also suggest that ongoing DNA repair isthat overexpression of dnaE2 did not result in an in-
an essential process during persistent infection withcreased spontaneous mutation frequency suggests that
MTb and provide a new potential target for preventingDnaE2 either requires additional subunits for activity
the emergence of drug resistance.that are coinduced in response to DNA damage or that
the affinity of DnaE2 for DNA and for subunits of the
Experimental Proceduresholoenzyme complex is much lower than that of DnaE1
in the absence of a replication-blocking lesion. Although Growth of Strains and Generation of dnaE2 Mutants
there was no evidence for upregulation of genes encod- The strains, plasmids, and oligonucleotides used in this study are
ing proteins that could interact with the replicative com- described in Table 5. Growth of mycobacterial strains and genera-
plex, the replicative helicase DnaB was also induced tion of mutants were performed as previously described (Karuna-
karan and Davies, 2000; Boshoff and Mizrahi, 2000; Parish andby DNA damage. There have been no reports of direct
Stoker, 2000) with antibiotics used at the following concentrationsinteraction between DnaB and DnaE, but interactions
for MTb and MSm, respectively: Rif, 2 and 200 	g/ml; kanamycinbetween DnaB and components of the holoenzyme
(Km), 25 and 50 	g/ml, and hygromycin (Hyg) and streptomycin
complex could play a role in coupling primosome and (Sm) at 50 	g/ml for both mycobacterial species. The sequence of
replisome activities (Gao and McHenry 2001). To our the M. smegmatis dnaE2 gene was obtained from the unfinished
knowledge, this is the first time that a family C polymer- genome sequence of M. smegmatis (http://www.tigr.org/tdb/mdb/
mdbinprogress.html). In the MSm dnaE2::aph mutant, a 1.09 kbase has been implicated in TLS in the presence of a WT
Cell
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Table 5. List of Strains, Plasmids and Oligonucleotides Used in this Study
Strains Description
H37Rv Laboratory strain (ATCC 27294) of M. tuberculosis H37Rv
dnaE2::hyg dnaE2 knockout mutant of M. tuberculosis H37Rv This work
dnaE2::hyg attB::dnaE2 dnaE2::hyg complemented with dnaE2 at attB site This work
mc2155 High-frequency transformation mutant of M. smegmatis ATCC 706 Snapper et al., 1990
dnaE2::aph dnaE2 knockout mutant of mc2155 This work
dnaE2::aph attB::dnaE2 dnaE2::aph complemented with dnaE2 at attB site This work
mc2155(pOmsmE2) mc2155 carrying pOmsmE2 This work
SMR5 SM resistant strain of M. smegmatis Frischkorn et al., 1998
recA::hyg recA knockout mutant of SMR5 Frischkorn et al., 1998
Plasmids
p2NIL Cloning vector, KmR Parish & Stoker, 2000
pGEM3Z(+)f Cloning vector, ApR Promega
pHINT E. coli-Mycobacterium integrating shuttle vector, HygR O’Gaora et al., 1997
pMV206 E. coli-Mycobacterium integrating shuttle vector, KmR Mdluli et al., 1996
pOLYG E. coli-Mycobacterium multicopy shuttle vector, HygR O’Gaora et al., 1997
pGOAL17 Plasmid carrying sacB and lacZ genes as a PacI cassette, ApR Parish & Stoker, 2000
p2NtbE2 5.39 kb Asp718 fragment from H37Rv containing dnaE2 gene cloned into This work
p2NIL, KmR
p2NtbE2h p2NtbE2 carrying hyg gene in SacI site of dnaE2, KmR This work
p2NtbE2KO Knockout vector - p2NtbE2h with PacI cassette from pGOAL17 cloned into This work
PacI site, KmR
pMVtbE2 Complementing construct with the 5.39 kb Asp718 fragment from p2NtbE2 This work
cloned into pMV206
pGmsmE2 pGEM3Z()f carrying 7.167 kb Asp700-BglII M. smegmatis DNA fragment This work
containing dnaE2, ApR
pGmsmE2k Constructed by replacing the NcoI-PstI fragment in pGmsmE2 (spanning This work
from 784-1874 bp from the start codon of dnaE2) with aph, KmR
pGmsmE2KO Knockout vector - pGmsmE2k carrying PacI cassette from pGOAL17 in the This work
XbaI site, KmR
pHmsmE2 Complementing construct with the ScaI-XbaI fragment from pGmsmE2 This work
cloned in pHINT
pOmsmE2 pOLYG carrying the ScaI-XbaI fragment from pGmsmE2 This work
Oligonucleotides Forward primer (5
-3
) Reverse primer (5
-3
) Probe (5
-3
)
M. tuberculosis recA aatgaccggcgcgct cgcggagctggttgatg ataattcgggcaccacggcgatgt
M. tuberculosis dnaE2 ccggtggaatgggcg aatttcaccaagccgattgc cagcgtcctgcaatgggacaaaga
M. tuberculosis dnaE2† gagcatgcccagcccgag
M. tuberculosis dnaE1 cgtgtgactccaccttgttga tgtccacacgtcggcg cgccgaacgggtgcagtcct
M. tuberculosis sigA gacgaggagatcgctgaacc tcgtcttcatcccagacgaaa ccgaaaaggacaaggcctccgg
M. tuberculosis sigA† gtccttgcgtgcttgacgca
M. tuberculosis gnd gtccacaacggcatcgagta gctgtccagatcgccattg tccgacatgcagctcatcggtga
M. tuberculosis icl catccgcactttgacgtctg atcaccaccgtgggaacatc tcggctcgcggccgatgt
M. tuberculosis icl† gctcgtcgacgtcggagg
M. smegmatis recA atgaccggcgcgttga gcggagctggttgatgaaga caactcgggcaccaccgcg
M. smegmatis dnaE2 cgaacgtcacggcatcac cagcgaggcgaagctcag cgccaatttcggtttcccggaaa
M. smegmatis sigA cccaccgggaattcgtaag ttgccgggcttgcctt cgaaagggtgtacgtggcagcgac
M. smegmatis dnaE1 cgctgctgtgtgtgcagac aagtagccgtcaccgtcgaa caagaccctctcggatcccacgc
† Used for first strand cDNA synthesis on mycobacterial RNA isolated from mouse lungs and spleen.
NcoI–PstI fragment of dnaE2 was removed and replaced by a kana- four independent biological replicates with a total of at least 3  109
cells plated on antibiotic-containing plates in each case to eliminatemycin resistance cassette. The MTb ortholog was disrupted by in-
sertion of a hyg marker into the SacI site of the gene. possible jackpot effects.
UV sensitivity of strains was determined by plating dilutions (in
triplicate) on solid medium and irradiation of open plates in a Stra- Estimation of Mutation Rates
A Luria-Delbru¨ck fluctuation assay was set up using 80 1-ml culturestalinker 1800 (Stratagene, 254nm) at 0–70 mJ/cm2. Mutation frequen-
cies were determined by UV irradiation as described above in 6 ml each containing approximately 5000 cells/ml in medium containing
15% sterile filtered (0.2 	m) culture supernatant from a log-phasevolumes of liquid medium containing cells harvested from log-phase
cultures (OD650nm  0.6) with subsequent recovery in the original H37Rv culture. Cell suspensions were passed through a 5 	m filter
before dilution to ensure a single cell suspension. Some culturesvolume of growth medium before plating at different times post-
irradiation. Cells were maintained in log-phase by dilution with were irradiated at 20 mJ/cm2 before dilution. Cultures were incu-
bated for 2 weeks at 37C with daily agitation before plating thegrowth medium. Cells were plated onto SM- or Rif-containing plates
(108 cells/plate) while viable counts were assessed by plating, total volume on 2	g/ml Rif plates. Some cultures were used for CFU
determinations. The mutation rate was estimated by the method ofin triplicate, serial dilutions from two independent samplings, on
antibiotic-free medium. To monitor mutation frequencies of MTb the mean (Luria and Delbru¨ck, 1943) and reported as number of
mutations per culture/2(number of cells per culture) (Rosche andand MSm strains after oxidative DNA damage, log-phase cultures
were treated with 4 mM H2O2 for 1–24 hr before plating as above. Foster, 2000). The raw data giving the number of mutants recovered
from each culture and the calculated number of mutations per cul-All mutation frequency assessments were performed using at least
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ture is supplied in the Supplemental Data (available at http:// mg/kg Rif suspended in 0.1% agar after which organs of 5 mice
were plated to monitor efficiency of bacterial clearance. The treatedwww.cell.com/cgi/content/full/113/2/183/DC1).
mice were allowed to recover for 4 weeks, after which a second
2-week cycle of rifampicin treatment was initiated and lungs subse-RNA Purification
quently plated as above. Six weeks after the second cycle of gavage,Mycobacterial cultures (200 ml) were grown to an OD650 of 0.3–0.4
lung homogenates were pooled in groups of 10 and plated on Rifand were treated either with MMC at 0.2 	g/ml or H2O2 at 4 mM,
(1 	g/ml) to monitor emergence of drug resistance. Serial dilutionsharvested, and resuspended in the same original volume of medium
were plated to assess organ loads. In a second round of infections,after 90 min treatment. For microarray experiments, the DNA damag-
mice were infected as above with 130–150 CFU of MTb and treateding agents were not removed during the treatment period. For DNA
for 2 weeks by daily gavage with low-dose Rif (10 mg/kg). One weekdamage by UV, cells were harvested, resuspended in 6 ml medium
after treatment, 20 mice per group were sacrificed and pooled lungin a 78 cm2 dish and irradiated as above at 40 mJ/cm2 before being
homogenates were plated as above. In a third round of infection,resuspended in 200 ml of medium and returned to 37C. RNA was
mice were infected as above with 100 CFU of MTb H37Rv,extracted as described by Sherman et al. (2001) and subjected to an
dnaE2::hyg, or the dnaE2::hyg attB::dnaE2 strains and treated 10additional round of DNase I treatment for quantitative RNA analysis
weeks after infection with low-dose Rif as above. Mice were sacri-using the Ambion DNA-free kit. Mycobacterial RNA was extracted
ficed and lung homogenates of individual mice plated as above.from infected mouse lungs by homogenization of the organs in Trizol
(Pro 300D homogenizer, Pro Scientific), harvesting of the Mycobac-
teria by centrifugation, and subsequent RNA extraction as above. Acknowledgments
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